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(57) Abstract 



Display systems employ a planar grating light-valve (GLV) array as a spatial light-modulator for representing an image to be 
displayed. The systems rely for image representation on the position of moveable reflective elements of the GLV array, which move 
through planes parallel to the plane of the array. The moveable elements provide, from an incident phase-constant wavefiont. a reflected 
phases-modulated wavefiont representing the image to be displayed. The displayed image is provided by interferometrically combining the 
phase-modulated wavcfront with a reference wavefront also formed, directly or indirectly, from the incident phase-constant wavefront. 
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DISPLAY APPARATUS INCLUDING GRATING LIGHT-VALVE ARRAY 
AND INTERFEROMETRIC OPTICAL SYSTEM 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates in general to display systems including spatial light-modulator 
devices. It relates in particular to a miniature display system wherein light is incident on 
spatial light-modulator formed bom an array of grating light-valves which phase-modulate 
a wavefront incident thereon, the phase-modulated wavefront being interferometrically 
combined with a reference wavefront to provide the display. 

DISCUSSION OF BACKGROUND ART 

Miniature display devices are useful in applications such as portable displays for video 
simulation applications, among others. A miniature display in the context of this 
discussion is understood to be a display sufficiently small that it requires an optical 
magnification arrangement to be effective. An advantage of such a display is that it 
consumes less power than a conventional display having real dimensions equal to the 
apparent dimensions of the magnified miniature display. 

A particularly effective device for use as a spatial light modulating component in a 
miniature display system is a reflective grating light- valve (GLV) array. Such displays are 
described in detail in U.S. Patent No. 5,459,610. This type of reflective grating light-valve 
array is capable of providing displays of very high resolution, very high switching speeds 
and high bandwidth by virtue a the very small size (about 1 x 40 micrometers) of operable 
elements of the array. The very small operable elements can be operated electrostatically 
with low applied voltage, such that, in combination with diode laser illumination and 
appropriate optics, it is potentially feasible to build a palm-sized projection display 
powered by (Q) dry cell batteries. 

A significant problem in designing such a display system arises from the fact that 
the GLV array modulates light by diffraction, and light incident on the array for 
modulation is returned as a combination of reflected and diffracted beams. Because of this, 
an optical system used with the display must be capable, not only of magnifying, focussing 
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or projecting an image of the GLV array to form a displayed image, but must also be 
capable of separating the diffracted light from the reflected light. 

A most optical arrangement for providing separation of the diffracted and reflected 
light is known as Schlieren optics. Schlieren optics make use of the fact that light which is 
diffracted from a GLV array leaves the GLV array at a different angle from light which is 
reflected from the array. The light may be diffracted at different angle depending on the 
diffraction order. Typically, the first (brightest) order is used for forming a displayed 
image. The schlieren optics system can be arranged such that at certain points in the system 
for example at pupil positions, the diffracted and reflected rays can be physically separated. 
This allows the reflected light to be intercepted by a stop, thereby permitting, in theory at 
least, only the diffracted light to pass the stop for providing the display image. 

There are several problems inherent in a schlieren optics system. For example, the 
requirement for separating diffracted light makes illumination of the GLV array for 
providing the diffracted light somewhat inefficient. It is also difficult to make a stop one- 
hundred percent effective in intercepting the reflected light, because of practical limitations 
(aberrations) of the optics. Any reflected which passes the stop is, in effect, stray light, 
which has the effect of reducing image contrast. Stray light can also be contributed by 
ghost reflections from optical surfaces. These ghost reflections are not direct by the optical 
system towards the stop. Problems in separating reflected and diffracted light are also 
created by dispersion of diffracted light and by unwanted diffracted orders. 

There is an need for an alternate approach to forming a display using a GLV 
device. The ^preach should not rely on physical separation of diffracted and reflected 
light from the GLV array for forming an image. 

SUMMARY OF THE INVENTION 

The present invention is directed to providing a display device based on GLV array (spatial 
light-modulator). The system does not require schlieren optics to separate reflected and 
diffracted light. The display system comprises GLV array including a pluraUty of rows of 
elongated, spaced-apart, parallel-aligned, moveable reflective-members. Each of the 
moveable reflective-members is individually moveable with respect to a grating plane, 
through planes parallel to the grating plane, to an extent corresponding to an element of the 
image to be displayed. The image is displayed, at any instant in time, as an interferogram 
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image of the GLV array. 

In one aspect, the system includes a first optical arrangement for providing a first, 
phase-constant optical-wavefi-ont. A second optical arrangement, including the GLV array, 
forms the first optical-wavefront into a second optical-wavefront which is spatially phase- 
modulated by the moveable reflective-members of the GLV array, and a third, phase- 
constant optical-wavefi-ont. A third optical arrangement forms first and second images of 
respectively the second and third optical-wavefi-onts, and the second and third optical 
arrangements are configured such that the first and second images interferentially combine 
to provide the image to be displayed. 

In one embodiment of the present invention the second and third optical 
arrangements form, in effect, a Michelson type interferometer. The third wavefiront is a 
reference wavefiront of the interferometer and is formed by reflecting a portion of the first 
optical wavefi'ont off a reference mirror. 

In another embodiment of the present invention, the second and third optical 
arrangements form in effect a wavefront-shearing interferometer. The GLV array has a 
row of spaced-apart fixed reflective-members in every row of moveable reflective- 
members. The fixed reflective-members are located in a plane parallel to the grating plane, 
spaced-apart by the same distance as the moveable reflective-members, and laterally 
arranged such that each thereof is in a lateral position between adjacent ones of the 
moveable reflective-members. 

The second optical arrangement causes the first optical-wavefi-ont to be reflected 
fi-om the GLV array, then divides the reflected wavefi-ont into two complex optical- 
wavefi*onts, each thereof including phase-constant and phase-modulated portions 
corresponding to respectively the fixed and moveable reflective-members of the GLV array. 
The second optical arrangement causes the complex optical-wavefronts to propagate axially, 
laterally displaced one from the other by a distance equal to a whole multiple of a spacing 
between reflective-members, such that phase- modulated portions of the complex optical 
wavefronts combine to form the second optical wavefront and phase- constant portions of 
the complex optical wavefi-onts combine to form the second optical wavefi-ont. 

Images produced by the system of the present invention may be magnified real 
images projected on a viewing surface such as a screen. The images may also be 
magnified virtual images directly viewable by a viewer via the third optical arrangement. 
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The display system of the present invention is designed primarily for use with a 
two-dimensional GLV array for producing, directly therefrom, a corresponding two 
dimensional image. The system, however, is applicable for use with a one-dimensional 
GLV array. In this case, a scanning device cooperative with the third optical arrangement, 
and with modulator circuitry for operating the GLV array, is provided for sweeping a one- 
dimensional image corresponding to the one-dimensional GLV array rapidly through the 
field of a viewer to represent sequential lines of a two-dimensional array. 



BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and constitute a part of the 
specification, schematically illustrate a preferred embodiment of the present invention, and 
together with the general description given above and the detailed description of the 
preferred embodiment given below, serve to explain the principles of the invention. 

FIG. 1 is a fragmentary perspective view, schematically illustrating a portion of a 
prior-art planar reflective grating light-valve array, suitable for use in a display system in 
accordance with the present invention, including arrays of fixed and moveable reflective- 
members arranged in planes parallel to the grating plane. 

FIG. 2 is a general cross-section view schematically illustrating an operational state 
of the grating light- valve array portion of FIG. 1, wherein the moveable reflective-members 
are in a plane separated by one-half wavelength of incident light from a plane including the 
fixed reflective-members. 

FIG. 3 is a general cross-section view schematically illustrating an operational state 
of the grating light- valve array portion of FIG. 1, wherein the moveable reflective-members 
are in a plane separated by one-quarter wavelength of incident light from a plane including 
the fixed reflective-members. 

FIG. 4 is a general cross-section view schematically illustrating one preferred 
embodiment of a monochromatic display system in accordance with the present invention 
based on a Michelson interferometer principle, and arranged for projecting a real image on 
a screen or the like. 
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FIG. 5 is a general cross-section view schematically illustrating a second preferred 
embodiment of a monochromatic display system in accordance with the present invention 
based on a Michelson interferometer principle, and arranged for direct viewing of a virtual 
image. 

FIG. 6 is a goiCTal cross-section view schematically illustrating a third preferred 
embodiment of a polydiromatic display system in accordance v^th the present invention 
based on a Michelson interferometer principle, including a polychromatic light source, three 
GLV arrays, and a Philips prism arrangement for illuminating each of the GLV arrays witli 
light of a particular primary color. 

FIG. 7 is a general cross-section view schematically illustrating a fourth preferred 
embodiment of a polydiromatic projection display system in accordance with the present 
invention based on a Michelson interferometer principle, including three light sources and 
three GLV arrays, one thereof for each of red, green and blue primary color components, 
corresponding light sources and GLVs optically connected by two corresponding Philips 
prism arrangements, and a single lens coUimating light from all three light sources. 

FIG. 8 is a general cross-section view schematically illustrating a fifth preferred 
embodiment of a polychromatic projection display system in accordance with the present 
invention based on a Michelson interferometer principle, including three light sources and 
three GLV arrays, one thereof for each of red, green and blue primary color components, 
corresponding light sources and GLVs being optically connected by two corresponding 
Philips prism arrangements, and each of the light sources having a dedicated coUimating 
lens, 

FIGS 9A and 9B are general cross-section views schematically illustrating two ray- 
trace aspects of a sixth preferred embodiment of a polychromatic projection display system 
in accordance with the present invention based on a wavefront-shearing interferometer 
principle. 

FIG 10 is a general cross-section view schematically illustrating angular shearing of 
spherical wavefronts by a wavefront-shearing optical arrangement in the system of FIGS 
9A and 9B. 
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FIGS 1 1 A and 1 IB are general cross-section views schematically illustrating 
interferential combination of laterally-sheared, plane, phase-modulated wavefronts in the 
system of FIGS 9A and 9B. 

FIG. 12 is a general cross-section view schematically illustrating one aspect of a 
preferred embodiment of a scanning, monochromatic display system in accordance with the 
present invention based on a Michelson interferometer principle. 

FIG. 12A is a general cross-section view, seen generally in the direction 12-12 of 
FIG. 12, schematically illustrating another aspect the scaiming, monochromatic display 
system of FIG. 12, wherein the system is arranged for direct viewing. 

FIG. 12A is a general cross-section view, seen generally in the direction 12-12 of 
FIG. 12, schematically illustrating yet another aspect of the scanning, monochromatic 
display system of FIG. 12, wherein the system is arranged for projecting a real image on a 
screen or the like. 



DETAILED DESCRIPTION OF THE INVENTION 

In a display system in accordance with the present invention, a particularly preferred light 
modulating device is a reflective grating light-valve (GLV) array. Use of such devices in 
real two-dimensional arrays for making displays has been proposed, and devices are 
described in detail in U.S. Patent No. 5,459,610, the disclosure of which is hereby 
incorporated by reference. This type of reflective grating light-valve array is capable of 
providing displays of very high resolution, by virtue of very small feature or element size, 
very high switching speeds, and high bandv^dth. Turning now to the drawings, wherein 
like components are designated by like reference numerals, a brief description of one 
embodiment of such a device is set forth below with reference to FIGS 1, 2, and 3. 

FIG. 1 illustrates a portion 10 of a reflective grating light-valve array, which, for 
reasons of scale, is not depicted in its entirity. GLV array 10 includes rows of individually 
moveable elongated members or ribbons 12 including a reflective coating 14 (see FIG. 2). 
Ribbons 12 in a non-operated state (see FIG. 2) are suspended (in tension) over a base 16 
in a plane 17 parallel thereto. Ribbons 12 are spaced apart and parallel to each other. 
Laterally aligned with spaces between members 12, and having about the same spacing 
thereas, are fixed reflective-members 18, formed by depositing a reflective coating on base 
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16. Fixed reflective-members can be defined as lying in a plane 19 parallel to base 16. 

GLV array 10 is fabricated using lithographic semiconductor device fabrication 
techniques on a silicon (wafer) substrate 20. Base 16 is one surface of the wafer. An 
electrode layer 22 is deposited on an opposite surface of the wafer. Ribbons 12 and fixed 
reflective-members preferably have a width between about one and four micrometers (^m) 
and a length between about 40.0 |im and 100.0 ^m. A GLV array suitable for use in a 
two-dimensional display in accordance with the present invention preferably has a width of 
about (Q) centimeter (cm), and a height of about (Q). Such an array would include about 
(Q) moveable members 12, per row, and a number of rows corresponding to the number of 
lines in the image to be displayed. The narrow width of the fixed and moveable members 
is such that a group of adjacent members, for example, a group of eight fixed and 
moveable member pairs, can be used to represent one image-element or pixel, in one of 
two-hundred-fifty-six grey shades, while still providing a pixel small enough to provide 
resolution comparable to a conventional CRT computer monitor. 

A ribbon 12 is moved or operated by applying a potential between the member and 
base 16. In a non- operated state, the distance between reflective coating 14 of the 
moveable member, and a corresponding (adjacent) fixed member 18, is set to one-half 
wavelength of light which is used to illuminate the array (see FIG. 2). 

When a sufficient potential is applied, a ribbon 12 is deflected towards and can be 
held on base 16. The thickness of ribbons 12 is selected such that in this "operated and 
held" state, the distance between reflective surfaces of corresponding fixed and moveable 
members is one-quarter wavelength of light which is used to illuminate the array (see FIG. 
3). In this state, destructive interference between light reflected from moveable and fixed 
members creates diffracted wavefi-onts (not shown). In the present invention however, the 
diffracted wavefronts are not of interest, image information being derived from the effect 
of the moveable elements in phase modulating an incident "perfect" or phase-constant 
wavefi-ont 24. 

Any adjacent pair of moveable and fixed members 12 and 18, or any functional 
group of such pairs, representing all or part of an image element, may be considered to be 
a "light- valve". It is from this consideration that the terminology grating light- valve array 
is adopted for purposes of this description. 
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Those familiar with the art to which the present invention pertains will recognize 
that ribbons 12 move through planes parallel to base 16 (or any grating plane) in states 
between the extreme states illustrated in FIGS 2 and 3. Intermediate states may be used to 
operate the members in an analog manner. 

Referring now to FIG. 4, one preferred embodiment 30 of a display system in 
accordance vnih the present invention is illustrated. This system is suitable for forming a 
monochrome display. System 30 includes a light source 32 preferably a "monochromatic" 
light source, for example, a semiconductor light emitting device such as a light emitting 
diode or laser. The term monochromatic here meaning that light emitted from source 32 is 
restricted to wavelengths in a narrow band around a nominal center wavelength, the band 
being sufficiently narrow fliat it will have no significant adverse effect on optical 
interference between co-propagating wavefronts, on which principle systems in accordance 
with the present invention are based. 

Light 36 from source 32 is collimated by lens 40 and can be thus described as 
having been formed into a perfect plane or "phase-constant" wavefront indicated 
whimsically in FIG. 4 by broken line 24. Phase-constant, here, meaning that all points on 
the wavefront are essentially in-phase with each other. Practitioners of the optical art will 
recognize that essentially, here, means that phase-constancy is only possible to a degree 
permitted by the optical accuracy of optical elements forming or directing the wavefront. 
Lens 40 is illustrated in FIG. 4, for simplicity as a single element. Those familiar with the 
optical art will recognize however that lens 40 typically would include two or more 
elements. The degree of perfection of wavefront 24, of course, depending on the selection 
of element materials and shapes of lens 40. 

Wavefront 24 (collimated light 36) then enters an optical arrangement 42 including 
a GLV array 10, a reference mirror 43, and a cube-beam^litter 44 having a forty-five 
degree reflecting surface 46. Surface 46 includes a filter coating (not shown) which 
partially transmits and partially reflects light 36. Transmission and reflection are preferably 
arranged to be about equal. This partial transmission and partial transmission of light 36 
can be defined as dividing wavefront 24 into two portions. The reflected portion as 
indicated by arrows 36R is incident on GLV 10. The transmitted portion as indicated by 
arrows 36T is incident on reference mirror 43. Reference mirror 43 has a reflecting 
surface (not specifically indicated in FIG. 4) which is preferably sufficiently flat that it 
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does not significantly aberrate the phase of a wavefront incident thereon. Thus a phase- 
constant reference wavefront 24R reflected from minor 43 and surface 46 emerges from 
beamsplitter cube 44. Alternatively, mirror 43 could be replaced by reflectively coating the 
face of beamsplitter cube 44 to which it is optically adjacent. 

After a portion of wavefront 40 reflected from surface 46 has been reflected from 
GLV 10, points over the wavefront will have a different phase relationship depending on 
the operating state of moveable elements 12 of GLV 10 from which these points were 
reflected. Accordingly, in most operational circumstances, i.e., when an image is being 
generated by GLV 10, a phase-modulated wavefront 24M emerges from beamsplitter cube 
44 and propagates along a system axis 48 together with phase-constant, reference wavefront 
24EL 

When wavefronts 24R and 24M are imaged onto a viewing surface, such as screen 
50, by an image-forming optical arrangement 52, the wavefronts will optically interfere 
with each other (interferentially combine) resulting in a real image 54 which is an 
interference pattern or interferogram image of GLV 10, wherein bright or dark portions are 
representative of the operating state of moveable members 12 of the GLV. Thus by 
providing suitable electronic circuitry and software (not shown in FIG. 4) for operating 
GLV 10, image 54 can be made to represent essentially any video or graphic image, 
whether directly generated by the software or transformed thereby from a separate video 
source, such as a camera or VCR. 

It should be noted here that the term "image" as used in this description and 
appended claims should be interpreted as meaning an image at any instant in time, except 
where that is clearly not the case. This recognizes the fact that so-called "moving" images 
and many "still" images are formed from a rapidly presented sequence of such 
instantaneous images, and avoids tedious and imecessary repetition of that fact. 

Preferably system 30 is initially "calibrated" with GLV 1 0 in a state when all 
moveable members thereof are in one extreme position or the other. Preferably this state is 
a state in which moveable elements are all "up", i.e., no potential is applied (see FIG. 2). 
In this condition, fixed and moveable reflective-members are separated by one-half 
wavelength, leading to a round trip phase change of one wavelength between portions of a 
wavefront incident on moveable and fixed reflective-members. In this condition, wavefront 
24M would appear to be a phase-constant wavefront, as is wavefront 24R. By adjusting 



9 



wo 99/23520 PCT/US98/22341 

the tilt (attitude) of GLV 10 such that the wavefronts are parallel, and then adjusting the 
axial position such that the wavefronts (entirely) have a phase difference between them of 
some odd or even number of half-vwivelengths, image 54 can be made to appear all dark or 
all bright respectively. If, for example, an "all dark" condition is selected, subsequent 
operation of GLV 10 to provide a graphic or video image will produce an image consisting 
or bright dots on a dark background. 

Continumg now with reference to FIG. 4, a discussion of optical arrangements for 
image forming is presented. In one preferred arrangement, image forming optics 52 
include lenses 56 and 58, As in the case of lens 40, these lenses are illustrated for 
simplicity as single elements, but would, in practice, each include two or more elements. 
For imaging purposes, GLV 10 can be considered an object and any individual member of 
GLV 10 or point thereon can be considered as emitting a cone of rays by broken lines 37 
diverging as they leave the GLV. GLV 10 is placed in a focal plane of lens 56, such that 
rays 37 are coUimated after passing through the lens. Paraxial rays 36A, viz., those rays 
which collectively are reflected from GLV 10 and reference mirror 43 are brought to a 
focus by lens 56 at an exit pupil 53 thereof and then diverge toward lens 58 and tlien are 
redirected toward screen 50 by lens 58. Lens 58 brings rays 37 to a focus on screen 50. 
Real image 54 on screen 50 can be viewed by a viewer at any convenient location with 
respect to the screen as illustrated by eye 60R. 

While system 30 is described above as a projection system with optical arrangement 
52 for projecting a real image 54 on screen 50, the system can be arranged for direct 
viewing by simply omitting lens 58 from optical arrangement 52. This is illustrated 
(system 31) in FIG. 5, wherein optical arrangement 52A now includes only lens 56, and a 
viewers eye 60V, placed at or close to pupil 53 and directed toward the lens, would see an 
interferential combination of virtual images (at infinity) of wavefronts 24R and 24M. This 
interferential combination of virtual images would represent the image to be displayed by 
system 3 1 in virtual form. 

While the display system of the present invention has been described above in terms 
of a monochromatic display system, principles of the present invention are equally 
applicable to providing a polychromatic (multicolored or "fiill-colored") display. One such 
polychromatic display system 70 is illustrated in FIG. 6. Here, light 36P from 
polychromatic source 32? is colUmated by lens 40. Light 36? includes all primary color 
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components, Le., red, green, and blue. Lens 40 directs a plane wavefront 24P, including 
all of these primary color components, into an optical arrangement 42P. 

Optical arrangement 42P includes a beamsplitter cube 44 having a forty-five degree, 
partially-reflective, partially-transmissive, surface 46. A reference mirror 43 is adjacent 
beamsplitter cube 44 as described above for monochromatic system 30. After collimated 
light 36P is reflected from surface 46 it is directed into an array 72 of color separating 
prisms 74R, 74G and 74B which direct light to three GLV arrays, lOR, lOG and lOB, one 
for modulating each primary color component in a final image to be displayed. Each GLV 
array, of course, is constructed in the same manner as GLV 10 of system 30. Each GLV is 
individually adjustable for providing image "calibration", as discussed above for system 30. 
Surface 76 of prism arrangement 72 is filter coated to reflect red and transmit blue and 
green. Surface 78 of prism arrangement 72 is filter coated to reflect green and transmit 
blue. 

Those skilled with the art to which the present invention pertains will recognize 
prism arrangement 72 as a well-known, Philips-prism arrangement. The objective of prism 
arrangement 72 is to place each of GLV arrays ICR, lOG, and lOB at the same optical 
distance from entrance/exit surface 80 of the prism arrangement. It should be noted here 
that Philips-prism arrangement 72 is but one of several such arrangements which can 
achieve this objective, and which would be known by one skilled in the art. Accordingly, 
prism arrangement 72, should not be construed as limiting the present invention. 

GLV arrays lOR, lOG, and lOB are illuminated by, respectively, collimated beams 
36PRR, 36PRG, and 36 PRB. For imaging purposes it can be considered that the GLV 
arrays provide red, green, and blue diverging beams 37R, 37G, and 37B. This creates 
three (red, green and blue respectively) phase-modulated wavefronts 24MR, 24MG, and 
24MB to be imaged by imaging optics 52. In addition, a polychromatic, phase-constant, 
reference wavefront 24RP is created by reflection of a portion of light 36P from reference 
mirror 43 and surface 46 of beamsplitter cube 44. Imaging optics 32 are arranged, as 
discussed above with reference to system 30, to image wavefronts 24MR, 24MG, 24MB, 
and 24RP as real images onto a screen (not shown in FIG. 6, but implied by eye 60R) 
where they interferentially combine to form the polychromatic image to be displayed as a 
real image. Similarly, as in above-discussed system 31, optical arrangement 52 may 
include only lens 56, and a viewer's eye 60V may directly view a virtual interferential 
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combination of wavefronts 24MR, 24MG, 24MB, and 24RP representing the polychromatic 
image to be displayed as virtual image. 

Referring now to FIG. 7, another example 71 of a polychromatic or multicolor 
display system is illustrated. System 71 is essentially identical in configuration to above- 
described system 70, with the exception that polychromatic light source 32P has been 
replaced by three separate, monochromatic, red, green, and blue light sources 32R, 320, 
and 32B respectively. Red 36R, green 360, and blue 363 light from theses sources is 
directed by a Philips-prism arrangement 72 into lens 40 for collimation. Polychromatic, 
phase-constant wavefi-ont 24P emerges from lens 40. Those skilled in the optical art will 
recognize, of course that polychromatic wavefront 24P can also be regarded as separate, 
phase-constant red, green and blue wavefronts, while preserving the interferometric 
principle of the present invention. 

Those skilled in the optical art will also recognize that if monochromatic light 
sources 32R, 320, and 32B are semiconductor diode lasers, the output characteristics of 
each of the sources, which is typically elliptical and astigmatic, may be different enough 
from the others that a single lens system 40 would be unable to properly circularize and 
collimate (anastigmatically correct) for all three sources. Such a situation could be 
handled, as illustrated in FIO. 8, by a system 73, essentially identical in operation to above 
discussed system 71, but wherein lens 40 of system 71 has been replaced with three 
separate lenses 40R, 40G, and 40B. These lenses are specifically designed to circularize 
and collimate the output of light sources 32R, 320, and 32B. Collimated light from lenses 
40R, 40O, and 40B is directed into a Philips-prism arrangement 72, and combined to form 
a collimated polychromatic light output indicated in FIG. 8 as polychromatic, phase- 
constant, wavefi-ont 24P. This wavefi-ont, of course, can also be considered as separate, 
phase-constant red, green and blue wavefronts while preserving the interferometric 
principle of the present invention. 

It will be evident to one skilled in the art that any of the above-described display 
systems, even the most complicated thereof, and whether the image is real or virtual, can 
be regarded as an imaging Michelson- interferometer, in which an optical surface being 
"tested" is the surface of OLV array 10. Systems in accordance with the present invention 
or not restricted, however, to using the Michelson-interferometer principle but may use 
other interferometric principles as exemplified in a description set forth below. 
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Referring now to FIGS 9A and 9B, an embodiment 80 of a polychromatic 
projection display system employing a wavefront-shearing interferometer principle is 
illustrated. As system 80, differs from foregoing embodiments only in the interferometric 
principle involved, common components of the systems are not described in detail. Only 
those components and ray-trace aspects necessary for an understanding how the wavefront- 
shearing interferometric principle is applied are described in detail. Rays of only one 
primary color (blue) are traced, as rays of other primary colors will behave and interact in 
exactly the same manner. 

Reflected from GLVs lOR, lOG and lOB will be phase- modulated, but otherwise 
plane, wavefronts 24MR, 24MG and 24MB (see FIG. 9A). These wavefronts copropagate 
along axis 48 and are directed into projection optics 52 which include lenses 56 and 58 
having the same function as in above-described projection systems, and which, likewise, 
practically will be multi-element lenses. 

Between lenses 56 and 58 is a wavefront dividing and shearing arrangement 82, 
consisting of a beamsplitter cube 84 a fixed mirror 86 (which could, of course, be a coated 
face of the cube) and an adjustable mirror 88 which can be moved axially, and tilted in 
two orthogonal axes. Wavefront division is accomplished by forty-five degree surface 83, 
which has a partially-transmitting, partially-reflecting filter coating (not shown). 

Continuing with reference to FIG. 9A and additionally to FIG. 10, lens 56 is 
preferably configured such that, in space 88 between beamsplitter cube 84 and lens 58, 
wavefronts propagating along axis 48 (here "folded" ninety degrees by surface 83) are 
spherical, however, still phase-modulated. The result of tilting mirror 88 with respect to 
mirror 86 is that spherical phase-modulated wavefronts 24MS1 and 24MS2 emanating from 
each (represented by rays 90 and 91 only in FIG. 9A) appear to be angularly sheared by an 
angle X with respect to one another, while still being essentially in the same (spherical 
plane). 

Lens 58 includes one or more field-flattening elements (not shown) such that after 
wavefronts 24MS1 and 24MS2 are passed through the lens they are flattened to provide a 
pair of corresponding, parallel, blue, phase-modulated wavefronts 24MB 1 and 24MB2. 
These wavefronts are then imaged onto screen 50, as indicated in FIG. 93 by traced rays 
37, 37B1 and 37B2, to interferentially combine and form a polychromatic image. 
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Wavefronts 24MB 1 and 24MB2 are laterally sheared with respect to each other by 
an distance Y. This distance is made some whole multiple, preferably one, of the spacing 
between moveable members 12 of the GLVs. The manner in which phase-modulated 
wavefronts 24MB 1 and 24MB2 interferentially combine is next described with reference to 
FIGS llAand IIB. 

As illustrated in FIG. 11 A, in one combination aspect, each of wavefronts 24MB 1 
and 24MB2 includes fixed portions 25F and phase-modulated portions 25M corresponding 
to fixed and moveable reflective-members 18 and 12 of GLV lOB. When laterally sheared, 
one with respect to another, by a distance Y equal to a spacing between adjacent moveable 
members, each fixed portion of one wavefront will align with a phase-modulated portion of 
the other. Each fixed and phase-modulated aligned pair of wavefront portions will in effect 
be a microscopic interferometer and will provide an image element having a brightness 
determined by the phase relationship between the pair. In this aspect, any one of the 
wavefronts can be considered as acting as a reference wavefront for the other. 

As illustrated in FIG. 1 IB, in another combination aspect, a superposition of 
wavefronts 24MB 1 and 24MB2 can also be regarded as forming two other wavefronts, one 
27MB of which is phase-modulated, and the other 27RB of which is a phase-constant 
reference wavefront. Inteferential combination of wavefronts 27MB and 27RB provides 
the blue portion of the polychromatic image on screen 50. 

Whatever combination aspect is considered, the polychromatic image can be 
regarded as being formed from red, green, and blue pairs of wavefronts. Interferential 
combination of the red, green and blue wavefront pairs forms respectively red, green and 
blue, primary color portions of the polychromatic image. 

Those skilled in the art will recognize that while above-described systems have been 
described in terms of using principles of the Michelson interferometer and a wavefront- 
shearing interferometer, other interferometric arrangements may be employed without 
departing from the spirit and scope of the present invention. In particular it should be 
noted that the waveftont-shearing arrangement described is but one of several well-known, 
wavefront-shearing arrangements. 

All of the above-described embodiments of interferometric display systems in 
accordance with the present invention have been described in a form in which a two 
dimensional GLV array is used as a spatial Ught-modulator providing a phase-modulated 
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wavefront for image formation. The two dimensional array includes a plurality of rows of 
moveable and fixed reflective-members, at least one row representing one row or line of 
picture elements (pixels) for each such line in the image. Each pixel as noted above may 
be represented by one or a plurality of moveable members. 

Principles of the present invention are equally applicable, however, if a one- 
dimensional GLV array including only one row of fixed and moveable reflector members 
is used. In such a case, a scanning arrangement must be provided for scanning an 
interferometrically- generated image (real or virtual) through the field of view of a viewer. 
The GLV array is operated cooperatively with a drive imit for the scaiming means, such 
that the array sequentially represents sequential lines of the image to be displayed. For 
representing an image formed fi-om M lines of N pixels, a one-dimensional GLV would 
require M x B moveable elements, where B is the number of data bits per pixel. The one- 
dimensional GLV array would typically be modulated M times in a single scan to 
sequentially represent the M display lines. A brief description of arrangements for 
providing real (projected) and virtual (directly viewed) images using interferometric 
principles is set forth below with reference to FIGS 12, 12A, and 12B. 

FIGS 12 and 12A illustrate a system 90 which is essentially identical with above- 
described system 3 1 (see FIG. 5), with the exception that in system 90 a one-dimensional 
GLV ICR is employed, rather than the two-dimensional GLV 10 of system 31. Images are 
formed by the system by interferential combination of phase-modulated and phase-constant 
wavefronts 24M and 24R respectively. Because an image formed is one-dimensional, a 
scanning arrangement 92 is provided for scanning the one-dimensional image as discussed 
above. Scanning arrangement 92 includes a scanning mirror 94 which is reciprocally, 
angularly scanned about an axis 96 by a drive motor 98, as indicated in FIG. 12 by arrow 
C. Scanning mirror 94 is preferably placed proximate exit pupil 53 on lens 56. Angular 
scanning of mirror 94 causes a virtual image of GLV array lOR (indicated whimsically in 
FIG. 12 by broken rectangle 99V) to be scaimed linearly across the field of view of a 
viewer 60V as indicated by arrow D. An electronic processor 100, for converting video 
data from a source 102 thereof to a form useable by a GLV array, cooperatively operates 
moving members of GLV 10 and scan-drive motor 98 for causing the one-dimensional 
image to represent sequential display lines. 
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Referring now to FIG 12B a system 91 is illustrated which is essentially identical 
with system 90 of FIG. 12A with the exception that a projection lens 58 is added for 
projecting a one dimensional real image 99R on screen 50. Angular scanning of mirror 94, 
here, causes im^e 99R to be swept across screen 50 through the field of view of a viewer 
60R as indicated by arrow D. 

Above-described scanning systems 90 and 91 have been depicted in a simple form, 
based respectively on the monochromatic, Michelson-interferometer-based, two-dimensional 
systems 31 and 30 of FIGS 5 and FIG 4. This has been done to highlight the scanning 
aspect of the systems and to avoid unnecessary repetition of polychromatic light-handling 
and interferometer aspects already described in detail. It will be evident to one skilled in 
the optical art, however, that the scanning principles described are applicable to any of the 
above-described two-dimensional systems or variations of those systems, as the 
interferometric image formiiig aspects of the systems are independent of v*ether the GLV 
array has one or two usable dimensions. 

It will also be evident to one skilled in the optical art that reflective scanning 
arrangement 92 is but one of several well-known scanning arrangements, that may be 
employed. Any such scanning system may be used, more or less effectively, without 
departing from the spirit and scope of the present invention. 

In summary, display systems employing a planar GLV array as a spatial light- 
modulator for representing an image to be displayed have been described. The systems 
rely for image representation on the phase-position of moveable reflective elements of the 
GLV array, which move through planes parallel to the plane of the array. The moveable 
elements provide, from a phase-constant wavefront incident thereon, a reflected phase- 
modulated wavefront representing the image to be displayed. The displayed image is 
provided by interferentially combining the phase-modulated wavefront with a reference 
wavefront also formed, directly or indirectly, from the incident phase-constant wavefront. 

The present invention has been described and depicted as a several preferred 
embodiments. The invention is not limited, however, to those embodiments described and 
depicted. Rather the invention is limited only by the claims appended hereto. 
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WHAT IS CLAIMED IS: 

1. A system for displaying an image, comprising: 

at least one planar grating light-valve (GLV) array including at least one row 
of elongated, spaced-apart, parallel-aligned, moveable reflective-members, each of said 
moveable reflective-members individually moveable with respect to the grating plane, 
through planes parallel thereto, to an extent corresponding to an element of the image to be 
displayed; and 

imaging interferometer means for displaying an interferogram image of the 
at-least-one GLV array, the interferogram image, at any instant in time, representing at 
least a portion of the image to be displayed. 

2. The system of claim 1, wherein said imaging interferometer means is arranged 
according to a Michelson interferometer principle. 

3. The system of claim 1, wherein in said GLV array, a row of spaced-apart fixed 
reflective-members is provided in every row of moveable reflective-members, and said 
fixed reflective-members are located in a plane parallel to said grating plane, spaced-apart 
by the same distance as said moveable reflective-members, and laterally arranged such that 
each thereof is in a position between adjacent ones of said moveable reflective-members; 
and wherein said imaging interferometer means is arranged according to a wavefront- 
shearing interferometer principle. 

4. A system for displaying an image, comprising: 

a planar grating light-valve (GLV) array including a plurality of rows of 
elongated, spaced-apart, parallel-aligned, moveable reflective-members, each of said 
moveable reflective-members individually moveable with respect to a grating plane, 
through planes parallel to the grating plane, to an extent corresponding to an element of the 
image to be displayed; 

first optical means for providing a first, phase-constant optical-wavefront; 

second optical means for forming said first optical-wavefi-ont into a second 
optical-wavefront spatially phase-modulated by said moveable reflective-members of said 
GLV array, and a third phase-constant optical-wavefront; 
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third optical means for forming first and second images of respectively said 
second and third optical-wavefronts; 

and said second and third optical means arranged such that said first and 
second images interferentially combine to provide the image to be displayed. 

5. The system of claim 4, wherein said first and second images are real images 
projected onto a vievmig surface. 

6. The system of claim 4, wherein said first and second images are virtual images 
and are directly viewable by a viewer via said third optical means. 

7. The system of claim 4 wherein said second and third optical-wavefronts are 
provided by dividing said first optical-wavefront into two portions and reflecting one 
thereof from said GLV array to provide said second optical wavefront, and reflecting the 
other thereof fi-om a reference mirror to provide said third optical-wavefront. 

8. The system of claim 4, wherein in said GLV array, a row of spaced-apart fixed 
reflective-members is provided in every row of moveable reflective-members, and said 
fixed reflective-members are located in a plane parallel to said grating plane, spaced-apart 
by the same distance as said moveable reflective-members, and laterally arranged such that 
each thereof is in a position between adjacent ones of said moveable reflective-members. 

9. The system of claim 8 wherein said second optical means causes said first 
optical-wavefi-ont to be reflected fi-om said GLV array, then divided into two complex 
optical-wavefironts each thereof including phase-constant and phase-modulated portions 
corresponding to respectively said fixed and moveable reflective-members of said GLV 
array; and said second optical means causes said two complex optical-wavefronts to 
propagate axially, laterally displaced one from the other by a distance equal to a whole 
multiple of a spacing between reflective-members, such that said phase-modulated portions 
of said two complex wavefi-onts combine to form the second reflected wavefi-ont, and said 
phase-constant portions of said two complex wavefronts combine to form the third reflected 
wavefiront. 
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10. The system of claim 4, wherein said first second and third wavefronts are plane 
wavefronts. 

1 1 . A system for displaying an image, comprising: 

a grating light-valve (GLV) array including a plurality rows of elongated, 
spaced-apart, parallel-aligned moveable reflective-members, each of said moveable 
reflective-members individually moveable with respect to a grating plane, through planes 
parallel to the grating plane, to an extent corresponding to an image element to be 
displayed; 

a reference mirror; 

first optical means for providing a first, phase-constant optical-wavefront; 

second optical means for dividing said first optical-wavefront into first and 
second portions, said second optical means for forming said first portion of said first 
portion of said first optical-wavefront into a second optical-wavefront spatially phase- 
modulated by said moveable reflective-members of said GLV array, and for forming said 
second portion of said first optical-wavefront, by reflection thereof off said reference 
mirror, into a third, phase-constant optical-wavefront; 

third optical means for forming first and second images of respectively said 
second and third optical-wavefronts; and 

said second and third optical means arranged such that said first and second 
images interferentially combine to provide the image to be displayed. 

12. The system of claim 11, wherein said first and second images are real images 
projected onto a viewing surface. 

13. The system of claim 11, wherein said first and second images are virtual images 
and are directly viewable by a viewer via said third optical means. 

14. A system for displaying an image, comprising: 

a grating light-valve (GLV) array including a plurality of rows of elongated, 
spaced-apart, parallel-aligned, moveable reflective-members, each of said moveable 
reflective-members individually moveable with respect to a grating plane, through planes 
parallel to the grating plane, to an extent corresponding to an image element to be 

19 



wo 99/23520 PCT/US98/22341 

displayed, a row of spaced-apart fixed reflective-members being provided in every row of 
moveable reflective-members, and said fixed reflective-members being located in a plane 
parallel to said grating plane, spaced-apart by the same distance as said moveable 
reflective-members, and laterally arranged such that each thereof is in a position between 
adjacent ones of said moveable reflective-members; 

first optical means for providing a first phase-constant optical-wavefront; 

second optical means for causing said first optical-wavefront to be reflected 
fi'om said GLV array , then divided into two complex optical-wavefi*onts, each thereof 
including phase-constant and phase-modulated portions corresponding to respectively said 
fixed and moveable reflective-members of said GLV array, and for causing said two 
complex optical-wavefironts to propagate coaxially, laterally displaced one fi-om the other 
by a distance equal to a whole multiple of a spacing between reflective-members, such said 
phase-modulated portions of said two complex optical-wavefronts combine to form a 
second optical-wavefront spatially modulated by said moveable reflective-members of said 
GLV array, and said phase-constant portions of said two complex wavefronts combine to 
form a third, phase-constant optical-wavefront; and 

third optical means for forming first and second images of respectively said 
second and third optical-wavefronts; 

and said second and third optical means arranged such that said first and 
second images interferentially combine to provide the image to be displayed. 

15. The system of cldm 14, wherein said first and second images are real images 
projected onto a viewing surface. 

16. The system of claim 14, wherein said first and second images are virtual images 
and are directly viewable by a viewer via said third optical means. 

17. A system for displaying a poy chromatic image, comprising: 

first, second, and third, planar, grating light- valve (GLV) arrays, for 
processing respectively, red, green and blue primary color components of the image to be 
displayed, each of said GLV arrays including a plurality rows of elongated, spaced-apart, 
parallel-aligned, moveable reflective-members, each of said moveable reflective-members 



20 



wo 99/23520 



PCT/US98/22341 



individually moveable with respect to a grating plane, through planes parallel to the grating 
plane to an extent corresponding to an image element to be displayed; 
a reference mirror; 

a source of polychromatic light including wavelengths representative of said red, 
green, and blue components of the image to be displayed; 

first optical means for providing from said source of polychromatic light a 
first, phase-constant, optical-waveft-ont, said first optical-wavefront including said red, 
green, and blue color components; 

second optical means for forming a first portion of said first optical- 
wavefiront into red, green, and blue, second optical-waveft-onts spatially phase-modulated 
by said moveable reflective-members of respectively said first, second, and third GLV 
arrays, and for reflecting a second portion of said first optical-wavefi-ont off said reference 
mirror to form a third phase-constant optical-wavefront; 

third optical means for forming first, second, third, and fourth images of 
respectively said red, green and blue second optical waveft-onts and said third optical- 
wavefront; and 

said second and third optical means arranged such that said first, second, 
third, and fourth images interferentially combine to provide the polychromatic image to be 
displayed. 

18. The system of claim 17, wherein said first and second images are real images 
projected onto a viewing surface. 

19. The system of claim 17, wherein said first and second images are virtual images 
and are directly viewable by a viewer via said third optical means. 

20. The system of claim 17, wherein said polychromatic light source includes 
separate red, green, and blue monochromatic light sources the light output of which is 
combined by an arrangement of dichroic filters to provide polychromatic light. 

21. A system for displaying a polychromatic image, comprising: 

first second and third grating light-valve (GLV) arrays for processing 
respectively, red, green and blue primary color components of the image to be displayed, 
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each of said GLV arrays including a plurality of rows of elongated, spaced-apart, parallel- 
aligned, moveable reflective-members, each of said moveable reflective-members 
individually moveable with respect to a grating plane, through planes parallel to the grating 
plane, to an extent corresponding to an image element to be displayed, a row of spaced- 
apart fixed reflective-members being provided in every row of moveable reflective- 
members, and said fixed reflective-members being located in a plane parallel to said 
grating plane, spaced-apart by the same distance as said moveable reflective-members, and 
laterally arranged such that each thereof is in a position between adjacent ones of said 
moveable reflective-members; 

a source of polychromatic light including wavelengths representative of said 
red, green, and blue components of the image to be displayed; 

first optical means for providing from said source of polychromatic light a 
first, phase-constant, polychromatic optical-wavefront, said first optical-wavefront including 
said red, green, and blue color components; 

second optical means for dividing said first polychromatic optical-wavefront 
into separate red, green, and blue, first optical-wavefronts, for causing said red green, and 
blue first optical-wavefronts to be reflected from respectively said first second and third 
GLV arrays, for causing each of said reflected red, green, and blue first optical-wavefronts 
to be divided into a pair of complex optical-wavefronts each thereof including phase- 
constant and phase-modulated portions corresponding to respectively said fixed and 
moveable reflective-members of said GLV array, and for causing the pair of complex 
optical-wavefronts to propagate coaxially, laterally displaced one from the other by a 
distance equal to a whole multiple of a spacing between reflective-members, such that 
phase-modulated portions of red, green, and blue complex optical-wavefront pairs combine 
to form respectively red, green and blue second optical-wavefronts spatially modulated by 
said moveable reflective-members of respectively said first second, and third GLV arrays, 
and the phase-constant portions of the red, green, and blue complex optical-wavefront pairs 
combine to form respectively red, green, and blue third, phase-constant optical-wavefronts; 

third optical means for forming first, second third, fourth, fifth, and sixth 
images of respectively said red, green, and blue second optical-wavefronts, and said red, 
green and blue third optical-wavefronts; and 
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said second and third optical means arranged such that said first, second third, 
fourth, fifth, and sixth images interferentially combine to provide the polychromatic image 
to be displayed. 

22. The system of claim 21, wherein said first and second images are real images 
projected onto a viewing surface. 

23. The system of claim 21, wherein said first and second images are virtual images 
and are directly viewable by a viewer via said third optical means. 

24. The system of claim 21, wherein said polychromatic light source includes 
separate red, green, and blue monochromatic light sources light sources, the light output 
which is combined by an arrangement of optical fihers to provide polychromatic light. 

25. A system for displaying an image, comprising: 

a grating light-valve (GLV) array including a plurality of rows of elongated, 
spaced-apart, parallel-aligned, moveable reflective-members, each of said moveable 
reflective-members individually moveable with respect to a grating plane, through planes 
parallel to the grating plane, to an extent corresponding to an image element to be 
displayed, a row of spaced-apart fixed reflective-members being provided in every row of 
moveable reflective-members, and said fixed reflective-members being located in a plane 
parallel to said grating plane, spaced-apart by the same distance as said moveable 
reflective-members, and laterally arranged such that each thereof is in a position between 
adjacent ones of said moveable reflective-members; 

furst optical means for providing a first phase-constant optical-wavefront; 

second optical means for causing said first optical-wavefront to be reflected 
from said GLV array , then divided into second and third optical-wavefronts, each thereof 
including phase-constant and phase-modulated portions corresponding to respectively said 
fixed and moveable reflective-members of said GLV array, and for causing said first and 
second optical-wavefironts to propagate coaxially, laterally displaced one from the other by 
a distance equal to a whole muhiple of a spacing between reflective-members; and 

third optical means for forming first and second images of respectively said 
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second and third optical-wavefronts; 

and said second and third optical means arranged such that said first and 
second images interferentially combine to provide the image to be displayed. 

26. The system of claim 25, wherein said first and second images are real images 
projected onto a viewing surface. 

27. The system of claim 25, wherein said first and second images are virtual images 
and are directly viewable by a viewer via said third optical means. 

28. A system for displaying an image to viewer, comprising: 

at least one planar grating Ught-valve (GLV) array including a row of 
elongated, spaced-apart, parallel-aligned, moveable reflective-members, each of said 
moveable reflective-members individually moveable with respect to the grating plane, 
through planes parallel thereto, to an extent corresponding to an element of the image to be 
displayed; and 

wherein the displayed image is formed by sweeping a sequence of 
interferogram images of the GLV array through the field of view of the viewer. 

29. The system of claim 28, wherein said inteferogram images are a real images 
projected onto a viewing surface. 

30. The system of claim 28, wherein said inteferogram images are virtual images 
viewed by the viewer via optical means included in the system for forming said 
interferogram images. 

31. A system for displaying a two-dimensional image, the two-dimensional image 
including a plurality of lines of image elements, the system comprising: 

a grating Ught-valve (GLV) array including a row of elongated, spaced-apart, 
parallel-aligned, moveable reflective-members, each of said moveable reflective-members 
individually moveable with respect to a grating plane, through planes parallel to the grating 
plane, to an extent corresponding to an element of a line of the image to be displayed; 
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first optical means for providing a first, phase-constant optical-wavefront; 

second optical means for forming said first optical-wavefront into a second 
optical-wavefront spatially phase-modulated by said moveable reflective-members of said 
GLV array, and a third phase-constant optical-wavefront; 

third optical means for forming first and second images of respectively said 
second and third optical-wavefronts; 

said second and third optical means arranged such that said first and second 
images interferentially combine to provide an image line of the image to be displayed; 

electronic means for operating said moveable elements such that said image 
line sequentially represents all lines of the image to be displayed; and 

scanning means, cooperative with said third optical means and said 
electronic means, for moving said image line transversely through the field view of a 
viewer such that said moving image line appears to the viewer as a the two dimensional 
image. 

32. The system of claim 31, wherein said first and second images are real images 
projected onto a viewing surface viewable by the viewer. 

33. The system of claim 32, wherein said first and second images are virtual images 
and are directly viewable by the viewer via said third optical means. 
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